In this paper, triblock copolymer was incorporated into epoxy to prepare nano thermosets. After studying the compatibility between polydimethylsiloxane (PDMS), polycaprolactone (PCL) and bisphenol A epoxy
Introduction
Epoxy resins are widely used as matrices for ber-reinforced composites owing to their excellent mechanical performance and processing ability. However, their application in some elds was limited because of high crosslinking density. One of the effective routines of toughness improvement is to incorporate polymeric modiers, such as elastomers [1] [2] [3] [4] [5] [6] [7] and thermoplastics, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] into thermosetting matrix to form ne morphological structures. Liquid rubbers such as carboxylterminated butadiene-acrylonitrile rubber (CTBN), amineterminated butadiene-acrylonitrile rubber (ATBN) have been utilized to improve toughness. [18] [19] [20] Nevertheless, these elastomers with unsaturated structures are prone to a lack of thermal stability and oxidation resistance. Organic silicone polymers possess the properties better than the unsaturated liquid rubbers, such as thermal stability, moisture resistance and good electrical performance. However, polysiloxanes have poor compatibility with the uncured epoxy resin due to the big difference in solubility parameter, leading to the macroscopic phase in thermosets.
In epoxy thermosets modied with elastomers or thermoplastics, the control of morphology is generally based on reaction-induced phase separation (RIPS). The modied epoxy thermosets would display the phase separated morphology on the macroscopic scale, for the modiers are some linear homopolymers or random copolymers. 21 In recent years, it is recognized that the formation of nanostructures in thermosets could further optimize the interactions between thermoset matrix and modiers and thus provide thermosets with improved properties. With the deep study of block copolymers, the mechanism of phase separation has been gradually recognized. In view of the phase separation of block copolymers in epoxy resin, the mechanism is mainly dened reaction-induced and self-assembly phase separation.
21-37
Roy l'Abee et al. 22 studied the deformation mechanisms of sub-micrometer thermoplastic vulcanizates obtained by reactioninduced phase separation of miscible poly(3-caprolactone)/ dimethacrylate systems. It showed a signicant increase in elongation at break and improvement of compression set when reducing the rubber particle size from 520 to 80 nm, which was attributed to an increased interfacial adhesion due to the graing of PCL chains onto the rubber particles and changes in the spherulite structure of the PCL matrix due to a nucleating effect of the graed rubber particles. David and his colleagues 23 studied PS-PB-PtBMA triblock system, which generates three specic regions with core-shell body centred cubic packing. The ordered phases are generated via the self-assembly of minority component microdomains immersed in the matrix of another polymeric component with a higher composition separated by continuous interphases of pure component microdomains. The body centred cubic phase exhibits regular and irregular spherical morphologies and these are controlled by varying the volume fraction of the homopolymeric components and by the segregation degree between different components. Bates et al. 21, 24 have proposed an approach to attaining nanostructures by incorporating amphiphilic block copolymers. In this case, the precursors of thermosets acted as the selective solvents of block copolymers and some self-assembly microphases such as lamellar, bicontinuous, cylindrical, and spherical structures were formed in the blends depending on the blend composition before curing reaction. These nanostructures could be further xed with introduction of hardeners and subsequent curing.
Mülhaupt and his coworkers 38,39 investigated the modica-tion of epoxy resin with a poly(3-caprolactone)-block-polydimethylsiloxane-block-poly(3-caprolactone) triblock copolymer (PCL-b-PDMS-b-PCL). It is noted that the introduction of 5 wt% of triblock copolymer lead to a signicant improvement in toughness whereas the short time mechanical properties (strength, E modulus) was not obviously decreased. It was found that spherical PDMS particles with the size of about 20 nm in diameter are uniformly dispersed in the continuous epoxy-rich phase. However, the formation mechanism of the nanodomains was not clearly illuminated. Marija V. Pergal et al. 40 synthesized novel siloxane-urethane copolymers based on MDI/BD as the hard and high content of PCL-PDMS-PCL as the so segments by two-step polyaddition reactions. It was studied that the spherulites of the a,u-dihydroxy-(PCL-PDMS-PCL) copolymer were smaller than that of prepolymer, which can be explained that the urethane block in polymer chains restricted crystallization of the PCL segments. Moreover, the contact angle value, i.e., hydrophobicity, increased with increasing of PDMS content. Iscender Yilgör et al. 41 prepared PCL-PDMS-PCL copolymer by ring-opening polymerization. Thermal characterization of the copolymer indicated the formation of microphase separated morphologies. Surface enrichment is showed clearly by PDMS and surface morphology strongly affected the protein adsorption and the biocompatibility of the copolymers.
Guo et al. 42 reported the thermosetting blends of epoxy resin with poly(ethylene oxide)-block-polydimethylsiloxane diblock copolymer (PEO-b-PDMS). The composition-dependent nanostructures were formed in the thermosets with 10-50 wt% of PEO-b-PDMS. It was proposed that the diblock copolymer behaved as a template to the formation of the nanostructured thermosets via self-assembly mechanism. Heng and his coworkers 43 studied the formation mechanism of nanostructures of PS-b-PCL-b-PDMS-b-PCL-b-PS pentablock copolymer. It was found that PDMS subchain was rst self-assembled into spherical prior to curing, then the preformed PDMS sphere acted as the templates of the reaction-induced microphase separation of PS subchain to form "core-shell" nanostructures, where the rigid PS as the "shell" and the exible PDMS as the "core".
Xu and his colleagues 44 incorporated poly(3-caprolactone)-block-polydimethylsiloxane-block-poly(3-caprolactone) triblock copolymer (PCL-b-PDMS-b-PCL) into epoxy resin and nanostructured thermosetting blends were prepared. The PDMS microdomains with sizes of 10-20 nm were dispersed in a continuous epoxy matrix. The formation of the nanostructures in the thermosetting composites was judged to follow the selfassembly mechanism in terms of the difference in miscibility of PDMS and PCL subchains with epoxy resin aer and before curing reaction. Hu et al. 45 investigated that the epoxy thermosets containing polysulfone-block-polydimethylsiloxane diblock copolymer (PSF-b-PDMS) possessed the microphase separated morphological structures. Depending on the content of the PSFb-PDMS diblock copolymer, the spherical particles with the size of 50-200 nm in diameter were dispersed into the continuous epoxy matrices. It is noted that the epoxy resin was signicantly toughened in terms of the measurement of critical stress eld intensity factor (K IC ). In views of the previous studies, we proposed that nanostructures could be formed in thermosetting blends of epoxy resin with PCL-b-PDMS-b-PCL by selecting appropriate curing systems via self-assembly mechanism.
The goal of this work is twofold: to study the morphological evolution developed by PCL-b-PDMS-b-PCL copolymers inside thermosets in order to propose a possible nanostructuration mechanism, and to investigate the effect of different accelerating agents tris(dimethylaminomethyl)phenol (DMP-30) and 2-ethyl-4-methylimidazole (2,4-EMI) on the formation of nanostructures in thermosetting blends of epoxy resin and PCL-b-PDMS-b-PCL, which was veried by curing kinetics. It is expected that we can selectively control the microphase separation of PDMS subchains by choosing the appropriate accelerator whereas the PCL subchains remain miscible with the crosslinked epoxy networks.
Experimental

Materials
The epoxy precursor, diglycidyl ether of bisphenol A (DGEBA) with epoxide equivalent weight of [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] [192] 2 (in the solution of anhydrous toluene) were added to a 100 mL ask equipped with a magnetic stirrer. The pump-freeze-thaw cycle was repeated for three times to eliminate moisture in 3-CL.
With the protection of dry nitrogen, the ask was immersed into oil bath at 120 C to initiate the ring-opening polymerization. Aer the polymerization was carried out for 48 h, the system was cooled to room temperature and THF was added. Then the solution was dropped into a great amount of petroleum ether to eliminate residual monomer. The precipitate was dried in a vacuum oven at 40 C for 24 h and the product (11.16 g) was accessed with the yield of 91.5%.
Preparation of epoxy thermosets containing PCL-b-PDMS-b-PCL triblock copolymer
The 
Characterization and measurements
Fourier transform infrared spectroscopy (FTIR).
The FTIR measurements were carried out on a Nicolet 5700 spectrometer at 25 C. For the samples of triblock copolymer and thermosets, the powder was mixed with KBr pellets to press into small akes. All the specimens were sufficiently thin to be within a range where the Beer-Lambert law is obeyed. In all cases 64 scans at a resolution of 2 cm À1 were used to record the spectra.
Nuclear magnetic resonance spectroscopy (NMR)
. NMR spectra were obtained on a Bruker Avance 500 spectrometer with 500 MHz for 1 H-NMR and 125.77 MHz for 13 C-NMR.
The samples were dissolved in deuterated DMF and the solutions were measured with TMS as the internal reference.
Gel permeation chromatography (GPC).
The molecular weights and molecular weight distribution (M w /M n ) of polymers were obtained with a waters gel permeation chromatograph (GPC) by using THF or DMF as the solvent at a 1 mL min À1 elution rate with calibration through use of polystyrene standards.
Differential scanning calorimetry (DSC).
The calorimetric measurements were performed on a NETZSCH DSC 200 F3 differential scanning calorimeter. The instrument was calibrated with indium, tin, bismuth, zinc and mercury standards. Dry nitrogen was used as the purge gas (20 mL min À1 ), and samples of 5-10 mg were analyzed. Non-isothermal DSC analysis: the uncured modied E-54 systems and PCL-b-PDMS-b-PCL were cooled to À50 C and then heated up to 250 C, which measured the curing peak and melting peak. Isothermal DSC analysis: the uncured modied E-54 systems which added different promoter were heated up to 130 C, 150 C, 180 C respectively. All the ramps were carried out at 10 C min À1 .
Scanning electronic microscopy (SEM).
The featured surface of samples was obtained by Hitachi S-3400N eld emission scanning electron microscope at an activation voltage of 15 kV. All samples were coated with a gold layer of about 100 A by sputter coating.
2.4.6 Transmission electron microscopy (TEM). Transmission electron microscopy (TEM) was performed on a JEOL JEM-1400 transmission electron microscope at an acceleration voltage of 120 kV. The samples were ground into powder without a clear particulate nature and uniformly dispersed in ethanol. A drop of this solution was placed on a 200 mesh copper grid for observation.
2.4.7 Small-angle X-ray scattering (SAXS). The SAXS measurements were conducted on a small-angle X-ray scattering beamline of an Anton Paar small-angle X-ray scattering system. Two-dimensional diffraction patterns were recorded by using an image intensied CCD detector. The experiments were carried out at 25 C using Cu Ka radiation source (l ¼ 0.15418 nm) operating at 40 kV, 40 mA. The intensity proles were output as the plot of scattering intensity (1) versus scattering vector, q ¼ (4p/l)sin(q/2) (q ¼ scattering angle).
Dynamic mechanical thermal analysis (DMTA).
The dynamic mechanical tests were carried out on a TA Instruments DMA Q800 dynamic mechanical thermal analyzer (DMTA), equipped with a liquid nitrogen apparatus in a single cantilever mode. The frequency used is 3.0 Hz at a heating rate of 5.0 C min À1 . The specimen dimension was 60 Â 12 Â 3 mm 3 .
The experiments were carried out from À100 to 250 C.
Thermal gravity analysis (TGA).
A NETZSCH TG209F1 thermal gravimetric analyzer was used to investigate the thermal stability of the TGDDM thermosets. All of the thermal analyses were conducted in a nitrogen atmosphere from ambient temperature to 800 C at a heating rate of 10 C min À1 . The initial temperature of degradation was taken as the onset temperature at which 5 wt% of weight loss occurs. 
where P is the maximum load at initiation, L is the span length, f is a shape factor, b is the thickness of the sample and w is the width of the specimens.
3 Results and discussion
Synthesis of PCL-b-PDMS-b-PCL triblock copolymer
In our work, the ring-opening polymerization of 3-CL was carried out with PDMS and Sn(Oct) 2 as shown in Scheme 1. In the reaction, the monohydroxyl-terminated polydimethylsiloxane (PDMS-OH) was used to initiate the ring-opening polymerization of 3-caprolactone with Sn(Oct) 2 as the catalyst; the hydroxylterminated polydimethylsiloxane-block-poly(3-caprolactone) diblock copolymer (PDMS-b-PCL-OH) was obtained. The hydroxyl-terminated PDMS-b-PCL diblock copolymer was further employed to react with 3-caprolactone to obtain the PCL-b-PDMSb-PCL ABA triblock copolymer. Shown in Fig. 1 are the FTIR spectra of the PCL-b-PDMS-b-PCL triblock copolymer and PDMS. In the FTIR spectrum of PDMS, the absorption band at 1082 cm À1 is assignable to the stretching vibration of Si-O bonds of this polymer. It is seen that this band also appeared in the FTIR spectrum of the product, which indicates the presence of PDMS subchain in the polymer. In addition, the stretching vibration of carbonyl groups is seen at 1727 cm
À1
, which is ascribed to the ester structural unit in PCL subchain. Fig. 2 presents the NMR spectrum of the triblock copolymer. As indicated in the NMR spectrum, the simultaneous appearance of the resonance characteristic of PCL and PDMS protons indicates that the resulting product combines the structural features of PCL and PDMS, i.e., the PCL-b-PDMS-b-PCL triblock copolymer was successfully obtained. The GPC prole is presented in Fig. 3 , which shows that the GPC curve displays a unimodal peak, suggesting that no homopolymers are detected. The molecular weight of M n ¼ 9690 together with M w /M n ¼ 1.20 were determined relative to polystyrene standard. Moreover, the degree of polymerization of PCL and PDMS block is 40 and 7.8.
The compatibility of epoxy resin and block copolymer
To investigate the micro-phase of the epoxy thermoset modied with the PCL-b-PDMS-b-PCL block copolymer, it is of great importance to have a clear idea of the compatibility of epoxy resin and monopolymers in advance. Before curing reaction, the blend of epoxy and PCL shows a clear and homogeneous system (Fig. 4a) , whereas the blend of epoxy and PDMS shows a turbid and heterogeneous system (Fig. 4b) . For the blend of epoxy and PCL-b-PDMS-b-PCL, it also presents a clear solution before curing (Fig. 4c) . Shown in Fig. 5 are the DSC curves of PCL-b-PDMS-b-PCL and the blend of epoxy and PCL. It is seen that the block copolymer exhibited a melting point at 56 C which is attributed to the PCL block. For the blend, no evident melting point was observed, which indicates that the epoxy has a good compatibility with PCL before curing. Aer curing, the epoxy thermoset modied with PCL and PDMS still maintained transparent and turbid, respectively ( Fig. 6a and b) . As to the epoxy thermoset modied with PCL-b-PDMS-b-PCL block copolymer, the transparency depended on the accelerant. For the DMP-30, a turbid thermoset was obtained (Fig. 6c) . For the EMI, however, a transparent thermoset was prepared (Fig. 6d) . Scanning electron microscope was used to have a further study on the macro-phase separation. Before the operation, the thermosets were etched by dichloromethane for 30 min. No obvious second phase was seen in the SEM paragraph of the thermoset modied with PCL (Fig. 7a) . Conversely, the holes with 20-40 mm in diameter appeared in the thermoset modied with PDMS (Fig. 7b ). For epoxy with block copolymer and 2,4-EMI, no evident phase separation was observed. These results indicate that the separation may occur in micro-phase.
To study the compatibility of PCL-b-PDMS-b-PCL and E-54 epoxy resin matrix with two different accelerators, dynamic mechanical thermal analysis (DMTA) is used, as shown in Fig. 8 . The two epoxy resin systems with DDS as the curing agent all have a sharp relaxation peak around 175 C, which was an atransformation produced by curing, namely glass epoxy thermosetting material with high elastic state transition (glass transition temperature). The glass transition temperature of the DMP-30 system is 177 C, and T g of 2,4-EMI system is 174 C.
The reason why T g is reduced is that the PCL segment has much inuence on PCL-b-PDMS-b-PCL and T g of PCL is about À60 C.
Moreover, the difference in T g of the two systems is mainly due to the different compatibility of the PDMS segments in the resin matrix. The PDMS segment is separated from the resin matrix in macroscopically in DMP-30 system, while it isn't separated from the resin matrix in macroscopically in the system of 2,4-MEI. Therefore, the compatibility of 2,4-EMI with the resin matrix is better than that of DMP-30 and the former is affected more by the T g of the PDMS segment.
Morphology of thermosets containing PCL-b-PDMS-b-PCL
Before curing, all the mixtures of the epoxy precursors (E-54 and DDS) and PCL-b-PDMS-b-PCL triblock copolymer were homogenous and transparent at room and elevated temperatures. The clarity suggests that the presence of miscible PCL blocks connected to PDMS chain improves the dispersion of PDMS chains in the mixtures. With adding the accelerating agent (2,4-EMI) and curing at 180 C for 2 h, the thermosetting blends of epoxy resin with PCL-b-PDMS-b-PCL were obtained with the content of PCL-b-PDMS-b-PCL up to 30 wt%. It is seen that all the thermosets containing PCL-b-PDMS-b-PCL triblock copolymer are transparent and homogenous, suggesting that no macroscopic phase separation occurred at least on the scale exceeding the wavelength of visible light. The morphology of the epoxy thermosets was examined by means of transmission electronic microscopy (TEM). Shown in Fig. 9 are the TEM micrographs of the thermosets containing PCL-b-PDMS-b-PCL triblock copolymer. The dark regions are attributed to the domains of PDMS whereas the light to epoxy matrix. It is seen that spherical PDMS particles with the size of 40 nm were homogeneously dispersed into the continuous epoxy matrix (Fig. 9a) . With increasing the content of the triblock copolymer, the spherical nanoparticles began to coagulate in the continuous epoxy matrix, and some wormlike nanodomains of PDMS appeared; the epoxy thermosets possessed a combined morphology, in which both spherical PDMS domains and some interconnected PDMS domains were present ( Fig. 9b and c) . The TEM results indicate that the epoxy thermosets possess the micro-phase separated morphology.
Small-angle X-ray scattering was used to have a further study on the morphology. For the 2,4-MEI as accelerator, the curves with different proportion of PCL-b-PDMS-b-PCL block copolymer all show scattering peaks, which explains the micro-phase structure really exists in the thermosets containing PCL-b-PDMS-b-PCL triblock copolymer (Fig. 10) . It shows that the nano-structure has been formed before curing, and the microphase structure is xed in the curing process, which followed by internal self-assembly reaction. The distance between adjacent micro phase could be calculated by the position of scattering peaks in the SAXS curves and Bragg equation L ¼ 2p/q m . The result is shown in the Tables 1 and 2 . It is seen that the distance between PDMS micro phase is shortened to some extent. Aer curing (Table 1) . Because the formation of threedimensional network makes PDMS micro phase gather and its size increases. As the Table 2 shows, the distance between adjacent micro phase is gradually reduced from 92.3 nm to 74.8 nm with the content of PCL-b-PDMS-b-PCL in the thermosets increasing, which is consistent with the results of TEM.
3.5 Kinetic study on effect of accelerator on the nanostructure formation structure
To discuss the formation of the nanostructured thermosets, the mechanistic approach comes into consideration. It consists of considering the complete set of reaction steps which constitutes the overall mechanism dening the single-rate equations for each step. The autocatalytic model proposed by Kamal, which takes into account the reactions of the epoxy groups with primary and secondary amines, as well as catalytic (catalyst or impurities) and autocatalytic effects (existing hydroxyl groups), has been applied by assuming equal reactivity of all of the amino hydrogen. The model can be represented by the following equation:
where k 1 is the rate constant for the reaction catalyzed by the groups initially present in the system, and k 2 is the rate constant for an autocatalytic path; a is the conversion rate and m and n are the kinetic exponents of the reactions. The constant k 1 can be calculated when estimation of the initial reaction rate at a ¼ 0 becomes possible. The kinetic constants k 1 and k 2 are assumed to follow the Arrhenius form: 
where A is the collision frequency or Arrhenius frequency factor, E is the activation energy, R is the gas constant and T is the absolute temperature.
To obtain a rst estimation of the reaction order n, eqn (1) can be re-written in the following form:
Presented in Fig. 10 are the a-t isothermal curves of E-54/ PCL-b-PDMS-b-PCL triblock copolymer. For 2,4-EMI (Fig. 11a) , at the same curing temperature, conversion rate gradually increased to 1 when the epoxy group participated in the curing reaction completely. The initial reaction rate increased as the curing temperature rised and it reached higher conversion rate with less time. At higher curing temperature, the curing degree became higher at the same time. For DMP-30 (Fig. 11b) , it took longer to make the system fully cure than 2,4-EMI, which resulted in the bigger size of PDMS micro-phase in the thermosets aer curing. It's consistent with the SEM results. Fig. 12 shows the da/dt-t isothermal curves of the epoxy thermosets. At the beginning of curing stage, the reaction rate da/dt isn't equal to 0. The maximum reaction rate occurs aer a while, and then da/dt decreases as time goes on. It suggests that the epoxy resin system is not only a n-grade reaction model, and it has characteristics of Kamal reaction in the curing induction period. As the curing temperature rises, the peak of da/dt-t isothermal curves becomes sharp and da/dt reduces to 0 faster. The results show that the activity of epoxy group and da/dt increases with the rise of curing temperature. At 180 C, it's found that the maximum reaction rate of 2,4-EMI (Fig. 12a) as accelerator is higher than that of DMP-30 as accelerator (Fig. 12b) . And the former takes shorter time to get the maximum reaction rate, which helps to control the micro-phase of PDMS block in PCL-b-PDMS-b-PCL copolymer better. Shown in Fig. 13 are the da/dt-a isothermal curves of the epoxy thermosets. At the same time and temperature, the reaction rate of 2,4-EMI system was higher than that of DMP-30 system. The data is shown in Table 3 . It is seen that da/dt increases to maximum with a of epoxy group increasing at the initial stage. Then the reaction rate gets down to 0 as the conversion rate increases, which conforms to autocatalytic reaction. Because there is much epoxy group at the initial stage and growing reaction rate makes it decline quickly, which forms three-dimensional net structure and da/dt gradually decreases. At 180 C, the system of 2,4-EMI as accelerator gets maximum reaction rate when a becomes 0.23 ( Fig. 13a) , while that of DMP-30 as accelerator gets maximum reaction rate when a becomes 0.29 ( Fig. 13b) , which indicates the former could get higher reaction rate with lower a and its formation of threedimensional net is faster. Thus the phase separation of PDMS micro-phase only occurs in nanometer scale. The autocatalytic model constants obtained by repeated iteration are shown in Table 4 . The reaction orders, m and n, were approximately, respectively. These orders did not seem to vary very much in different temperature.
The reaction orders, m and n, were approximately, respectively. Values of m and n were found to increase when the temperature increased for both systems, but these orders did not seem to vary very much in different temperature. However, the reaction rate constants, k 1 and k 2 , have a great rise, especially for k 2 , which indicate that the cross-linking reaction depends on temperature largely. In accordance with above results, it can be pointed out that the curing rate curve which has the highest reaction rate is the one that has the highest value of m and n reaction order (Table 4) . In this case, the rapid formation of the epoxy three-dimensional network goes against the phase separation of PDMS blocks. From the data, it could be seen that the k 1 and k 2 of system of 2,4-EMI as accelerator is always bigger than that of DMP-30 as accelerator at the same temperature. So the acceleration of the former is better, which suggests that the effect of different accelerator on the phase separation of PDMS blocks is also different. As a result, 2,4-EMI could lead to get maximum reaction rate with less time, and PDMS blocks can only grow in the epoxy matrix in the nanometer scale.
Thermal stability and mechanical performance of E-54/ PCL-b-PDMS-b-PCL
The inuence of heat resistance which PCL-b-PDMS-b-PCL had on E-54 was examined by TGA (Fig. 14) , and the relevant data was shown in Table 5 . It was seen that the weight loss of the nanostructured thermosets occurs mainly between 300 and 450 C, and the temperatures of initial degradation with 5% mass loss (T d 5 ) are apparently lower than that of the pure E-54 thermosets. E-54 thermosets containing PCL-b-PDMS-b-PCL triblock copolymer had poor thermal resistance compared to the pure E-54 epoxy matrix thermoset. The main reason is the PDMS block of good heat resistance has a lower proportion whereas the PCL block of poor heat resistance has a larger proportion, and the thermal stability of the modied E-54 thermosets decreases.
To measure the critical stress intensity factor (K IC ), the fracture toughness of the E-54 thermosets containing PCL-b-PDMS-b-PCL triblock copolymer was analysed by using threepoint blending tests. Shown in Fig. 15 are the K IC curves of different triblock copolymer content for the thermosets. It showed that modied E-54 thermosets exhibit excellent fracture toughness compared to the neat E-54 thermosets, which indicated that the epoxy thermosets were signicantly toughened with the inclusion of triblock copolymer. When the content of PCL-b-PDMS-b-PCL reached 20 wt%, E-54/PCL-b-PDMS-b-PCL, the K IC value of the system was 2.11 MPa m 1/2 , which was 59.8%
higher than that of unmodied E-54 thermosets. The mechanism of toughening is that PDMS blocks homogenously dispersing in the E-54 thermosets enhance the interaction between PDMS nanophase and thermosetting matrix. The spherical micro phase structure of phase separation could produce stress concentration, absorbing outside pressure to some extent, which resulted in excellent toughness of modied E-54 thermosets. Show in the Fig. 16 are the bending strength of E-54 thermosets containing PCL-b-PDMS-b-PCL triblock copolymer via three-point bending tests. It is seen that the bending strength of modied thermosets are higher than that of unmodied epoxy to some extent and increased with increasing content of PCL-b-PDMS-b-PCL. The maximum bending strength of the E-54 thermosets containing PCL-b-PDMS-b-PCL triblock copolymer is 149.6 MPa, which is 19.4% higher than neat E-54 thermosets. Its reason is same as the mechanism of toughening given above.
Mechanism of micro-phase separation
The kinetic analysis of the triblock copolymer PCL-b-PDMS-b-PCL could be of signicant importance to discuss the mechanism of the formed nanostructure of E-54/PCL-b-PDMS-b-PCL system. By studying the a-t isothermal curves and da/dt-t isothermal curves of E-54/PCL-b-PDMS-b-PCL, the results shows that there is an induction period during the curing process, which accords with the characteristics of Kamal reaction. Through the Kamal equation tting, it's founded that the kinetic constant k 2 is always much larger than k 1 . Because k 1 represents the autocatalytic reaction at the beginning of curing process, and k 2 represents the later process, which shows that autocatalytic reaction mainly exists in the curing reaction of the epoxy resin system. And the result follows the analysis of da/dta isothermal curves. Moreover, the kinetic data also shows accelerant 2,4-EMI can accelerate the reaction rate to a maximum value, and it can make sure that the micro-phase separation will not appear in the PDMS block. The TEM micrographs and SAXA curves also show that microstructure really exists in the triblock copolymer. It's concluded that the triblock copolymer could form the nanostructure following the mechanism of self-assembly reaction, owing to the compatibility of PCL block with E-54 and the incompatibility of PDMS block with E-54 during the curing process, and the nanostructure forms before curing. The formed three-dimensional net structure xes the split phase aer curing and forms sea island structure. 
Conclusions
In our work, triblock copolymer poly(3-caprolactone)-block-polydimethylsiloxane-block-poly-(3-caprolactone) (PCL-b-PDMS-b-PCL) was synthesized via the ring-opening polymerization (ROP) of 3-CL in the presence of 3-hydroxypropyl-terminated polydimethylsiloxane (PDMS), which was catalyzed by stannous octanoate [Sn(Oct) 2 ]. The triblock copolymer was further used to prepare nanostructured epoxy thermosets. It was found that the PCL nanophases were always compatible with E-54 whereas PDMS subchains were always incompatible with it. It is judged that the formation of the nanostructure follows the mechanism of self-assembly reaction. Kinetic data supported the contention that higher reaction rate contributed to the formation of nanostructures. The thermal stability decreased to some extent but mechanical performance of the E-54 thermosets was improved, owing to the incorporation of the PCL-b-PDM-b-PCL triblock copolymer.
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